Two-dimensional echocardiography is a relatively new technique which has been shown to provide spatial information concerning cardiac structures not readily available by conventional M-mode echocardiography.12 "I Furthermore, it was suggested recently by Gilbert et al. that cross-sectional echocardiography may also be superior to angiography for the detection of certain types of mitral prolapse. '4 This study correlates the cross-sectional echocardiographic, M-mode echocardiographic and angiographic findings in 24 patients with catheterization this series manifested paradoxical septal motion by M-mode and/or two-dimensional echocardiography. In the patients with abnormal septal motion, the net systolic anterior movement of the septum was caused by an exaggerated systolic anterior movement of the main body of the left ventricle. The atrial septal defect could be visualized with confidence by two-dimensional echocardiography only in the two patients with ostium primum atrial septal defects. Cleft anterior mitral leaflets were also clearly demonstrated in these two patients.
documented atrial septal defects in an effort to determine the relative role of two-dimensional echocardiography in the evaluation of patients with this entity.
Methods

Patients
The initial patient group included a total of 29 consecutive patients with atrial septal defects who were referred to the Duke Cardiovascular Laboratory for catheterization between September 1974 and October 1976. Each patient underwent a complete clinical evaluation, which included physical examination, electrocardiogram, and chest X-ray. Two-dimensional echocardiograms were performed on all patients. For these studies to be considered technically acceptable, both mitral leaflets and the endocardium of the posterior free wall and septum had to be visualized throughout the cardiac cycle. In five of the initial group of 29 patients (17%) the two-dimensional echocardiogram was technically inadequate, and these patients were excluded from the study. M-mode echocardiograms were available on 17 of the remaining 24 patients (71%). Both the twodimensional and M-mode echocardiograms were done within three days of cardiac catheterization. 
31/12 (19) 26/12 (18) 33/12 (20) Two-dimensional images were obtained in multiple crosssectional planes through the heart, using previously described techniques from this laboratory.'3 Pertinent to this report are the data obtained from images through the long axis of the mitral valve and left ventricle, short axis of the left ventricle at the level of the papillary muscles or chordae tendineae, and long axis of the tricuspid valve. Figure 1 schematically shows these planes of view. Figure 2 shows a still-frame from a normal long section of the mitral valve. This plane of view has previously been shown to be preferable for detection of mitral valve prolapse,'4 because systolic spatial relationships of the mitral leaflets and mitral ring are most evident using this view. The most reliable indication of mitral prolapse is superior systolic motion of one or both mitral leaflets above the level of the mitral ring." The diagnosis of mitral prolapse in the present study was made according to this criterion. Although posteriorly displaced coaptation of the mitral leaflets and systolic "curling" of the posterior mitral ring have also been found to correlate with angiographic prolapse,"1 fulfillment of these criteria alone was not considered sufficient for the diagnosis of prolapse for the purposes of the present study. Figure 3 shows images obtained in the short axis of the left ventricle at end-diastole and end-systole. Note that the circumference of the normal left ventricle appears to be nearly round when viewed in this plane. To study the mechanism of systolic anterior septal motion in these patients, the endocardial surface of the left ventricle in this plane of view was traced at end-diastole and end-systole of the same cardiac cycle. The end-systolic contour was then superimposed on the end-diastolic contour, as demonstrated in figure 3C with a normal left ventricle. When available, the electrocardiogram was used for precise localization of end-diastole.
The contour of the left ventricle in short section at this level was also examined for flattening of the septal wall. If such flattening was present, its severity was subjectively categorized as mild, moderate, or severe. These data were then correlated with pulmonary artery pressures and pulmonary/systemic flow ratios determined at the time of cardiac catheterization. Figure 4A shows a systolic frame in the long axis of the tricuspid valve in a normal subject. This plane of view provided the best images of both the tricuspid valve and interatrial septum. In some normal subjects, by gently angling the transducer back and forth in this position, the area of the foramen ovale may be found.
Time-motion echocardiograms were obtained using standard techniques by means of a commercially available Mmode ultrasonoscope. Particular care was taken to obtain echoes from the mitral leaflets, during both systole and diastole, with the transducer positioned perpendicular to the chest wall, according to the method of Markiewicz et al. `5 The presence or absence of mitral prolapse was determined according to previously described criteria,"' 17 and prolapse, when present, was categorized as either midsystolic prolapse or pansystolic prolapse according to the criteria of DeMaria."' M-mode echocardiograms were also obtained in the short axis of the left ventricle, just caudal to the tips of the mitral leaflets. Systolic anterior septal motion is illustrated in figure 5.
Catheterization Methods
Right and left heart catheterization was performed using standard techniques. Cardiac output was determined by the Fick principle. Multiple blood samples were taken in order to determine shunt size by oximetry. Biplane left ventricular cineangiography was performed in all patients to obtain right anterior oblique and left anterior oblique projections. Diagnosis of mitral prolapse from cineangiograms was made according to the criteria of Ranganathan.l89 19 Left ventricular angiograms and two-dimensional echo- The results of this study with regard to the prevalence and character of mitral prolapse, by two-dimensional echocardiography and angiography, are tabulated and correlated in figure 6 .
Twenty-one of the 22 patients (95%) with either secundum or sinus venosus atrial septal defects had mitral prolapse by two-dimensional echocardiography. In contrast, 13 of these 22 patients (59%) had prolapse determined by angiography.
The stippled area in figure 6 includes 11 patients in whom there was agreement between two-dimensional echocardiography and angiography. The other I I patients fall outside this area and represent examples of discordance between echocardiographic and angiographic findings. Overall, anterior leaflet prolapse was detected echocardiographically in 20 patients and angiographically in only nine patients. Posterior leaflet prolapse was detected echocardiographically in 18 patients and angiographically in I1 patients. Thus, cross-sectional echocardiography detected the presence of mitral prolapse more frequently than angiography. In each of the patients where there was disagreement, echocardiographic prolapse was relatively mild. In patients where echocardiographic prolapse was severe, angiographic FIGURE 5 . M-mode echocardiograms. Left panel is at the level of mitral leaflet tips and chordae in the normal subject shown in figure 3 and demonstrates normal septal motion. Right panel is from the patient with a secundum atrial septal defect shown in figure 8 and demonstrates paradoxical septal motion.
findings invariably agreed that there was prolapse, but did not agree with regard to the pattern of leaflet involvement, as described below.
Patterns of Mitral Prolapse by Echocardiography
Nineteen of 21 patients (90%) in this study with mitral prolapse by two-dimensional echocardiography manifested a distinctive pattern of prolapse. This pattern was characterized by the presence of an apparently elongated anterior mitral leaflet that arched superiorly and posteriorly into the left atrium during systole. The posterior mitral leaflet in these patients appeared relatively short ( fig. 2C ). Three of these 19 patients had isolated anterior leaflet prolapse, while 16 had involvement of both leaflets but predominant involvement of the anterior leaflet. This pattern of predominant anterior leaflet prolapse was quite distinctive, as compared to prolapse involving the mitral leaflets more equally, as previously described by Gilbert et al.14 ( fig.  2E) form of predominant anterior leaflet prolapse by twodimensional echocardiography ( fig. 7 ) and represented an example of severe anterior leaflet prolapse which mimics combined leaflet or primarily posterior leaflet prolapse by angiography.
Sixteen of the 22 patients in this study with secundum or sinus venosus atrial septal defects had M-mode echocardiograms. Fifteen of these 16 studies showed mitral prolapse, and in each case the M-mode findings were in agreement with the two-dimensional echocardiogram. Of the 15 patients in this series with mitral prolapse by M-mode echocardiogram, I I manifested early systolic posterior collapse and pansystolic hammocking, two manifested early systolic posterior collapse alone, while only two patients manifested the classic pattern of midsystolic prolapse. In each case where midsystolic or pansystolic prolapse was diagnosed by M-mode echocardiogram, the mitral leaflet(s) were recorded at least 2 mm posterior to a straight line drawn between the C and D points.'5 Thus, the majority of patients in this series with mitral prolapse manifested predominant anterior leaflet prolapse by two-dimensional echocardiography and early systolic posterior collapse and/or pansystolic hammocking by M-mode echocardiogram. Specific leaflet involvement, however, could not be determined easily by M-mode examination.
Mitral Regurgitation
Eight of the 22 patients (36%) in this series with secundum or sinus venosus atrial septal defects had mitral regurgitation determined by left ventricular angiography. All eight patients manifested mitral prolapse by two-dimensional echocardiography, and all except one also showed mitral prolapse by angiography. The latter patient had only mild mitral regurgitation. One of the patients with an ostium primum atrial septal defect had severe mitral regurgitation, while the other had mild mitral regurgitation.
Septal Motion
Of the 17 patients in our series with M-mode echocardiograms available, nine demonstrated paradoxical septal motion, and eight showed normal septal motion. When compared to two-dimensional echocardiography, there was complete agreement in all 17 patients. Figure 8 shows an example of the studies obtained from patients with paradoxical septal motion. This may be compared to the normal septal motion in figure 3 .
As determined by two-dimensional echocardiograms alone, nine of 24 patients (38%) in our series had paradoxical septal motion. The presence of paradoxical septal motion in this series did not correlate with high pulmonary/systemic flow ratios.
The two-dimensional echo technique allows visualization of the entire circumference of the left ventricle in short section throughout the cardiac cycle. Of interest was the observation that paradoxical septal motion correlated with exaggerated systolic anterior movement of the main body of the left ventricle. Thus, the interventricular septum at the level studied continued to function as an integral part of the Two-dimensional echocardiographic images of the left ventricular circumference, at the level of the chordae tendineae or papillary muscles, were examined for flattening of the septum. In nine of the 24 patients in our series, the septum was abnormally flattened, while in 15 patients it was normally rounded. The severity of septal flattening was categorized from mild to severe. All but one of the patients with septal flattening had elevated pulmonary artery pressures at cardiac catheterization (greater than 35 mm Hg systolic), and none of the patients with normally rounded septums had elevated pulmonary artery pressures. The severity of septal flattening increased with the severity of pulmonary hypertension. The mean systolic pulmonary artery pressure in the group with septal flattening was 48 mm Hg, and in the one patient with severe septal flattening, the pulmonary artery systolic pressure was 85 mm Hg. In contrast, the mean systolic pulmonary artery pressure in the group with normally rounded septa was 25 mm Hg.
Of particular note was the fact that the contour of the left ventricular circumference was similar at end-diastole and end-systole in all patients. When the left septal echo was flattened at end-diastole, it remained flattened at end-systole ( fig. 9 ).
There was no correlation in this series between the presence of septal flattening and pulmonary blood flow or pulmonary/systemic flow ratio.
Other Findings
By angling the two-dimensional echo transducer back and forth in the long axis of the tricuspid valve, much of the atrial septum was visualized. In all patients with secundum atrial septal defects in whom the interatrial septum was visualized, an absence of targets in the area of the foramen ovale could be demonstrated ( fig. 4C) . However, the appearance of the atrial septum in these patients could not be distinguished consistently from the dropout of targets that often occurs in this area in normal subjects ( fig. 4A ). In the two patients with ostium primum atrial septal defects, two-dimensional echocardiographic images clearly demonstrated the absence of the lower atrial septum ( fig. 4E ). This pattern was readily distinguished from normal subjects and patients with secundum atrial septal defects.
In both patients with ostium primum atrial septal defects, the defect was associated with a cleft anterior mitral leaflet, demonstrated by left ventricular angiography. In each case, the abnormal mitral valve produced an abnormal and distinctive two-dimensional echocardiographic image when viewed in the plane of the short axis of the left ventricle. This is demonstrated by the diastolic frames shown in figure 10 . Note that during diastole in the patient with a cleft anterior leaflet there is continuity between the mitral orifice and the left ventricular outflow tract.
Two of our group of 24 patients were found by twodimensional echocardiography to have significant pericardial effusions. In each case, this was confirmed by M-mode echocardiography. Both patients demonstrated prolapse of the mitral valve, but neither manifested paradoxical septal motion. Discussion McDonald" and others' first described the frequent association of mitral prolapse with atrial septal defect. These investigators based their observations on angiographic studies and identified prolapse of only the posterior mitral leaflet. Victorica reported eight children with atrial septal defect and mitral prolapse who were studied angiographically and noted that in four of these patients the anterior mitral leaflet was also involved in the prolapse.10 More recently, Betriu reported the results of left ventricular angiography in 54 patients with secundum atrial septal defects.1' Prolapse of the posterior mitral leaflet was demonstrated in 37% of this group.
The results of the present study are remarkable in two respects. First, as judged by previously established twodimensional echocardiographic criteria, mitral prolapse was present in 21 of 22 (95%) patients with either secundum or sinus venosus atrial septal defects. Second, the majority of these 21 patients (90%) demonstrated a distinctive pattern of prolapse by echocardiography in which there was an apparently elongated anterior mitral leaflet that arched superiorly and posteriorly in systole. The posterior leaflet in these patients appeared to be unusually short and showed only minimal evidence for prolapse ( fig. 2C ). The reason for this particular form of mitral prolapse is uncertain.
The very high prevalence of echocardiographic prolapse in our series, as compared to previous reports based on angiography, may be explained by several factors. One such factor is that the two-dimensional echocardiographic technique may be more sensitive than angiography for detection of relatively mild degrees of prolapse, particularly prolapse of the anterior leaflet." Ranganathan has commented on the difficulties in angiographic recognition of anterior leaflet prolapse.1" In addition, the fact that 13 of this group of 22 patients (59%) had mitral prolapse by angiography (a prevalence much greater than that reported in previous angiographic studies) suggests that the population studied in the present series may not be comparable to others. This is unlikely, however, since this population is made up of patients who were selected only by virtue of the fact that they were available for two-dimensional echocardiography at the time of cardiac catheterization. During the period included by the study, ten patients with atrial septal defects were catheterized in this laboratory who did not undergo twodimensional echocardiographic examination for a variety of technical reasons. Consequently, they were not included in this study. Left ventricular cineangiograms from these ten patients and from the five patients who were excluded because of technically poor two-dimensional echocardiograms were reviewed. Eight of these 15 patients (53%) showed mitral prolapse by angiography. If these 15 patients are included, a consecutive unselected angiographic series of 37 patients (with secundum and sinus venosus defects) results, of whom 21 (57%) manifested mitral prolapse.
The high prevalence of angiographic prolapse in the present series (57%) as compared to the series of patients reported by Betriull (37%) may be explained by a difference in methods. In the present study both right anterior oblique and left anterior oblique projections of the left ventricular angiogram were analyzed, while in the latter study only the right anterior oblique view was used. Since the left anterior oblique view may be more sensitive for the detection of mild degrees of mitral prolapse, this difference in methods may account for the differences in the reported prevalence of prolapse.
The results of this study suggest that when anterior mitral leaflet prolapse is categorized as mild or moderate by echocardiography, it may be difficult to appreciate angiographically. Furthermore, comparison of the twodimensional echocardiographic and angiographic findings in two patients in this study indicated that echocardiographically manifest severe anterior mitral leaflet prolapse, in the face of minimal posterior leaflet prolapse, may be interpreted as primarily posterior leaflet prolapse by cineangiography ( fig. 7) . One possible explanation for this phenomenon is that the posterior and medial displacement of the left ventricle, frequently seen in patients with atrial septal defects, may cause the prolapsing anterior mitral leaflet to appear to the left of the aortic root in the right anterior oblique projection. This is the usual position of the posteromedial scallop of the posterior mitral leaflet in this view. Although it is not the purpose of this study to investigate the detailed relationships between two-dimensional echocardiography and cineangiography, these data point out a need for further comparisons between these two techniques.
The frequency of predominant anterior leaflet prolapse described above was a striking finding. All but one of the patients with this pattern of prolapse by two-dimensional echocardiography showed posterior collapse and/or pansystolic prolapse on M-mode echocardiography. However, by the M-mode technique alone, it is generally not possible to ascertain the motion of the individual mitral leaflets during systole. Thus, the two-dimensional echo system was able to provide some anatomical correlation for patterns of prolapse seen by standard M-mode echocardiography.
In 1971, Diamond published a report which compared the echocardiograms obtained from 39 adult patients with atrial septal defects to the echocardiograms obtained from normal subjects and patients with other forms of congenital and valvular heart disease. ' He also documented, preoperatively, the high prevalence of right ventricular enlargement and abnormal septal motion. In addition, he suggested that the mechanism of systolic anterior septal motion was related to dilatation of the right ventricular chamber and exaggerated anterior displacement of the main body of the left ventricle during systole, producing a net anterior movement of the septum. Hagan, on the basis of M-mode and two-dimensional echocardiograms, proposed that there was a hinge or pivot point in the normal septum above which systolic movement was anterior and below which it was posterior.4 He proposed further that in patients with right ventricular volume overload this pivot point was either displaced downward or eliminated completely.
More recently, Pearlman, using echocardiograms obtained from patients with many forms of congenital and valvular heart disease, demonstrated that septal systolic motion is dependent on its end-diastolic position and its tendency during systole to move to the center of ventricular mass. 6 Weyman and co-workers reported a study of the mechanism of paradoxical septal motion, based on two-dimensional echocardiograms obtained with a mechanical sector scanner.7 They noted that in conditions associated with right ventricular volume overload the septum was often flattened at end-diastole. They suggested that during systole the septum reassumed a rounded shape, and that this was the mechanism of systolic anterior septal motion.
In the present series of 24 patients with atrial septal defects, nine were shown by the two-dimensional echocardiographic technique to manifest systolic anterior septal motion at the level appropriate for this determination. In each case where an M-mode echocardiogram was available, it was in agreement with the two-dimensional study with regard to septal motion. Thus, paradoxical septal motion was present in 38% of our patients, which is lower than the prevalence reported in most previous studies. There is no readily apparent explanation for this difference. When the ten patients with mitral regurgitation, which theoretically may reduce the tendency to paradoxical septal motion, were excluded from the calculation, the prevalence was essentially unchanged (36%). In our group of patients, there was no correlation between paradoxical septal motion and pulmonary/systemic flow ratios or pulmonary artery pressures. No attempt was made to demonstrate a correlation between paradoxical septal motion and right ventricular dimensions, because reliable assessment of right ventricular diameter could not be obtained consistently by either echocardiographic method.
In the patients with systolic anterior septal motion, it was shown to be caused by an exaggerated forward movement of the main body of the left ventricle during systole ( fig. 8) Weyman, 7 in that systolic anterior septal motion did not correlate with systolic rounding of the interventricular septum. It is important to note that the wide field of view provided by the two-dimensional ultrasound systems utilized in this study revealed images of the entire left ventricular circumference in short axis.
In the long axis view ( fig. 2) , by angling the transducer down toward the cardiac apex, most of the interventricular septum could be included in the field of view. All of the nine patients who demonstrated paradoxical septal motion at a level just below the mitral leaflets showed relatively less anterior motion or slight posterior motion of the lowermost part of the septum. This would seem to agree with the data presented by Hagan4 in support of the concept of a hinge point in the septum. Thus, in patients with paradoxical septal motion and downward displacement of the hinge point, the main body of the left ventricle is above this point and moves anteriorly during systole.
When septal flattening was demonstrated, it was persistent throughout the cardiac cycle ( fig. 9 ). All but one patient who manifested septal flattening had pulmonary hypertension at cardiac catheterization. Furthermore, the severity of septal flattening increased with the severity of pulmonary hypertension, as described by Nichol in a group of patients with mitral stenosis.20
In summary, real-time, two-dimensional echocardiography was used to study a group of patients with atrial septal defects. The prevalence of mitral prolapse by this technique was demonstrated to be very high, and prolapse was shown in most of these cases to conform to a distinctive echocardiographic pattern. In two patients with ostium primum atrial septal defects, both the septal defect and a cleft anterior mitral leaflet were clearly visualized. In contrast, the appearance of the atrial septum in patients with secundum atrial septal defects was not consistently distinguishable from normal. Paradoxical septal motion was shown to be caused by exaggerated forward movement of the main body of the left ventricle, and septal flattening was shown to correlate with the presence of pulmonary hypertension. Two-dimensional echocardiography has thus been shown to be useful in the evaluation of patients with atrial septal defects. It represents a noninvasive technique which provides information in some patients which is not readily available by M-mode echocardiography and/or angiography.
